Juvenile hormone (JH) coordinates timing of female reproductive maturation in most insects. In Drosophila melanogaster, JH plays roles in both mating and egg maturation. However, very little is known about the molecular pathways associated with mating. Our behavioral analysis of females genetically lacking the corpora allata, the glands that produce JH, showed that they were courted less by males and mated later than control females. Application of the JH mimic, methoprene, to the allatectomized females just after eclosion rescued both the male courtship and the mating delay. Our studies of the null mutants of the JH receptors, Methoprene tolerant (Met) and germ cell-expressed (gce), showed that lack of Met in Met 27 females delayed the onset of mating, whereas lack of Gce had little effect. The Met 27 females were shown to be more attractive but less behaviorally receptive to copulation attempts. The behavioral but not the attractiveness phenotype was rescued by the Met genomic transgene. Analysis of the female cuticular hydrocarbon profiles showed that corpora allata ablation caused a delay in production of the major female-specific sex pheromones (the 7,11-C27 and -C29 dienes) and a change in the cuticular hydrocarbon blend. In the Met 27 null mutant, by 48 h, the major C27 diene was greatly increased relative to wild type. In contrast, the gce 2.5k null mutant females were courted similarly to control females despite changes in certain cuticular hydrocarbons. Our findings indicate that JH acts primarily via Met to modulate the timing of onset of female sex pheromone production and mating.
Juvenile hormone (JH) coordinates timing of female reproductive maturation in most insects. In Drosophila melanogaster, JH plays roles in both mating and egg maturation. However, very little is known about the molecular pathways associated with mating. Our behavioral analysis of females genetically lacking the corpora allata, the glands that produce JH, showed that they were courted less by males and mated later than control females. Application of the JH mimic, methoprene, to the allatectomized females just after eclosion rescued both the male courtship and the mating delay. Our studies of the null mutants of the JH receptors, Methoprene tolerant (Met) and germ cell-expressed (gce), showed that lack of Met in Met 27 females delayed the onset of mating, whereas lack of Gce had little effect. The Met 27 females were shown to be more attractive but less behaviorally receptive to copulation attempts. The behavioral but not the attractiveness phenotype was rescued by the Met genomic transgene. Analysis of the female cuticular hydrocarbon profiles showed that corpora allata ablation caused a delay in production of the major female-specific sex pheromones (the 7,11-C27 and -C29 dienes) and a change in the cuticular hydrocarbon blend. In the Met 27 null mutant, by 48 h, the major C27 diene was greatly increased relative to wild type. In contrast, the gce 2.5k null mutant females were courted similarly to control females despite changes in certain cuticular hydrocarbons. Our findings indicate that JH acts primarily via Met to modulate the timing of onset of female sex pheromone production and mating.
A ll aspects of reproductive maturation in animals including gonad development, pheromone production for communication between the sexes, and mating behavior need to be precisely timed and coordinated to ensure reproductive success, and regulatory hormones are the key to this timing and coordination (1, 2) . In most female insects, the sesquiterpenoid juvenile hormone (JH) regulates and coordinates reproductive maturation of the ovaries (2, 3) and often sex pheromone synthesis and mating behavior (4, 5) . In Drosophila melanogaster, females are unreceptive to male courtship attempts just after eclosion, but by day 2, most become receptive and mate (6, 7) . Implantation of JH-secreting corpora allata (CA) (6) just before eclosion or application of methoprene (8) , a JH mimic (JHM), caused females to mate precociously. Decreased JH in the apterous mutant (9) or after treatment of females with precocene, a compound cytotoxic for the CA (10), reduced female mating. These findings suggest that JH may play a role in the maturation of female receptivity in D. melanogaster.
The switch from an unreceptive to a receptive state requires coordination of neural activity critical for female mating behaviors with production of sex pheromones that attract the male (11) (12) (13) . The Drosophila sex pheromones are a subgroup of the cuticular hydrocarbons (CHC) that mediate chemical communication for both sex and species recognition (see refs. 14 and 15 for reviews). In D. melanogaster, two CHCs, (Z,Z)-7,11-C27:2 (C27) and (Z, Z)-7,11-C29:2 (C29) dienes, are female-specific; these dienes are known to play a role in mate choice preference and the onset of male courtship (15) (16) (17) (18) . Overexpression of the JH esterasebinding protein DmP29 after eclosion, which is thought to reduce the JH titer, caused a reduction in the synthesis of these female-specific dienes (19) . The role of JH in the biosynthesis of these CHCs is unknown.
In D. melanogaster, there are two basic helix-loop-helix proteins encoded by the paralogous genes, Methoprene-tolerant (Met) and germ cell-expressed (gce), which act as JH receptors in both metamorphosis and reproductive maturation (20) (21) (22) . Loss of function of both receptor genes is necessary to mimic the effect of genetic ablation of the CA in larvae, which causes prepupal lethality (23) (24) (25) . In the adult, loss of Met causes both delayed and reduced fecundity, whereas loss of gce has only a slight effect on ovarian maturation (25) . To elucidate the molecular mechanisms underlying JH's role in the onset of mating in D. melanogaster females, we have genetically ablated the CA in the developing adult and found that the onset of mating behavior was delayed, and this delay could be rescued by JH. This action of JH was dependent only on the Met receptor and was partly due to modulation of sex pheromone production.
Results
Genetic Ablation of the CA in the Developing Females Delays the Onset of Mating. To address the role of JH in female mating behavior, we genetically ablated the CA in developing Drosophila females by targeting the expression of diphtheria toxin (DTI) to the CA via the CA-specific Aug21-galactosidase4 (GAL4) driver ( Fig. 1 A-C) . Because the removal of the CA is prepupal lethal (23, 24) , we used the temperature-sensitive GAL80 (GAL80 ts ) transgene to bypass this critical period for JH during development. At 60 h after puparium formation (APF), we shifted the pupae Significance Juvenile hormone (JH) regulates reproductive maturation in insects. In Drosophila melanogaster, JH is necessary for egg maturation. We show that the removal of JH delays both mating and the onset of the production of the major female sex pheromones in D. melanogaster. Importantly, this action of JH was via the Methoprene-tolerant (Met) JH receptor, rather than its paralog Germ-cell expressed, similar to its action in egg maturation. Thus, JH acting via Met coordinates pheromone production and mating with egg maturation. These studies provide insights into the molecular basis of the hormonal regulation of reproductive behavior in insects that may also be applicable to the coordination of the complex behaviors essential for animal reproduction and thus survival. from 18 to 29°C to inactivate the GAL80 ts , thus allowing expression of upstream activating sequence (UAS)-DTI (Fig. 1A) . At eclosion, the CA were absent as detected by UAS-eGFP driven by Aug21-GAL4 (compare Fig. 1 B and C) . The females lacking the CA are designated as allatectomized females (CAX).
We then examined mating of CAX females using two different assays. Initially we used a group assay in which groups of 12 3-to 4-d-old don juan males carrying green fluorescent protein (GFP)-labeled sperm and 12 females were placed in a food vial; the number mated after 1 h was assessed by the presence of GFP-labeled sperm in the female spermatheca. In this assay (Fig.  S1A) , significantly fewer CAX females at 24 and 30 h after eclosion mated during the 1-h period compared with the parental controls. By 48 h, there was no significant difference between the CAX and control females. When the number of pairs in the vial was reduced to either three or one pairs per vial, the number of CAX females mating at 48 h was significantly lower than the parental controls; at 72 h the difference between CAX and control females was only seen for the single pair (Fig. S1B) .
In contrast, in the single-pair assay in a courtship chamber, CAX females mated significantly less with the Canton S (CS) males than the controls at all times up to 96 h (Fig. 1D) . Of those that mated, the time to copulation decreased with the increasing age of the females across all genotypes (Fig. S1C) . However, the time to copulation for CAX females was significantly longer than that of the control females through 72 h. Exposure to the JHM methoprene just after eclosion reduced the time for mating of CAX females at 24 h to the control level (Fig. S1C) . The high percentage mating during the 1-h period for the CS and parental control lines at 24 h in this single-pair assay is at least partly due to the temperature shifts necessary for the allatectomy. When CS pupae and adults were subjected to a similar temperature shift regimen, they showed increased mating at 24 h compared with those reared continuously at 25°C (Fig. S1D) . The reason for the very high percentage mating of the transgenic GAL80 ts ; DTI parental line (Fig. 1D) is unknown.
Together, these findings suggest that in the absence of JH, there is a significant delay in the onset of female mating. Apparently, this delay can be partially overcome in the presence of other flies because similar percentages of grouped CAX and control females mated at 48 h, indicating that social cues may be important as well as individual maturation.
Application of the JH Mimic, Methoprene, Rescues the Delay in the Onset of Mating of the CAX Females. In the group-mating assay, treatment of CAX females within 2 h of eclosion with increasing doses of JHM led to an increased number mating at 24 h compared with that of acetone-treated females (Fig. S2A ). The 50% effective dose (ED 50 ) was found to be ∼0.72 pmoles methoprene. Moreover, application of 6.4 pmoles or higher doses of methoprene to the CAX females increased the percent mating above that of parental controls to about 54-60%. When we assayed mating in the single-pair assay at 24 h, the application of 6.4 pmoles methoprene caused 50% of the treated CAX females to mate within the 1-h assay, whereas none of the control acetone-treated CAX females mated (Fig. 1E ). Together, these findings indicate that the lack of JH caused the observed delay in the onset of mating of the CAX females.
JH Acts Primarily Via Methoprene tolerant (Met) to Modulate Mating in Females. The above analysis of the CAX females indicated that JH was necessary for the normal timing of the onset of female mating. To determine whether JH acts through the same receptors to control the onset of female mating as it does for controlling metamorphosis (21), we first examined females homozygous for the Met 27 null allele, a small deletion in the 5′ regulatory region that prevents Met transcription (26) , and another Met mutant allele, Met W3 , a missense mutation in the ORF (27) . In the single-pair assay, the onset of mating of homozygous Met
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, homozygous Met
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, and transheterozygous Met 27 /Met W3 females was significantly delayed compared with wild-type CS females at both 30 and 48 h after eclosion ( Fig. 2A) . Expression of the Met genomic rescue transgene EN71 (26) in the homozygous null Met 27 background prevented the delay in mating at both times ( Fig. 2A) . The reason for the higher level of mating seen in the rescued mutant compared with the CS wild type is likely due to differences in attractiveness (see below). Consistent with these findings in the single-pair assay, these two Met mutants also showed delayed onset of mating in the group assay (Fig. S2B) .
If JH acts only via the Met receptor, then the application of the JHM methoprene should not affect mating behavior of the Met 27 null females. The application of either 6.4 or 64 pmoles methoprene to these females soon after eclosion significantly increased the fraction of females mating at both 24 and 48 h (Fig.  S2C ), suggesting that in the absence of Met, the paralogous JH receptor, Gce, may play a role in mating.
In Drosophila, Gce is partially redundant to Met during development such that simultaneous loss of function of both JH receptor genes, Met and gce, is necessary to recapitulate the ; DTI control and CAX versus the Aug21-GAL4 > GFP control at all times using the Komogorov Smirnov test. Genotypes: Parental genotype controls are w; GAL80 ts /+; UAS-DTI/+ and w; Aug21-GAL4 > GFP/+. CAX is w; GAL80 ts /Aug21-GAL4 > egfp; UAS-DTI/+. (E) Fraction of CAX females mated in a single pair-mating assay at 24 h after treatment with methoprene (Meth) or acetone within 2 h after eclosion. No acetone-treated females mated during the 1-h assay period. P < 0.0001 for methoprene-treated CAX females versus acetone-treated control CAX females using the Kolmogorov Smirnov test. For D and E, the number of females tested for each genotype and time point were between 23 and 44.
effects of allatectomy during larval life (23) (24) (25) . Therefore, to determine whether gce had any effect on the maturation of mating behavior, we used a null allele of gce (gce 2.5k ), which is a 2.5 kb deletion in the gce locus that causes loss of gce transcripts (25) . The complete loss of function of gce had no significant effect on the percent mating at 30 h after eclosion, but at 48 h more gce mutant females than CS control females mated (Fig. 2B) . This difference may be due to the different genetic backgrounds of these two strains. Lack of Gce had no significant effect on the time to onset of copulation at either 30 or 48 h (Fig. S2D ). These findings suggest that Met is the primary receptor that mediates the modulatory effect of JH on the timing of mating in females.
JH Signaling Modulates the Attractiveness of D. melanogaster
Females. In the presence of wild-type adult males, onset of mating depends on both the females' acceptance or rejection behaviors and their attractiveness to the males (28) . To assess the attractiveness of the females, we paired wild-type CS males with females that were decapitated to minimize their behavioral responses (29) . By 24 h the parental controls were courted similarly as later at 48 h. At 48 h, the CAX females were courted significantly less than either of the parental control females (Fig.  3A) , indicating that they were less attractive to the males. Consistent with these results, at 48 h CS males also courted intact CAX females less than intact parental control females; by 96 h, there was no difference (Fig. S2E) .
To determine if their reduced attractiveness was due to the lack of JH, we applied 6.4 pmoles methoprene at eclosion. Fig. 3 shows that JHM-treated, decapitated CAX females were courted more at both 24 and 48 h than the controls, suggesting that lack of JH caused the reduced attractiveness.
To determine whether JH acts via Met to modulate female attractiveness, we assayed decapitated Met 27 null females. Surprisingly, unlike the decapitated CAX females, these females were courted more than decapitated CS females by CS males at 48 h (Fig. 3C) . In contrast, intact Met 27 females were courted less than were intact CS females (Fig. S2F) , although the males attempted copulation more frequently with them than with the latter (14 ± 4 vs. 2.3 ± 0.7 attempts per 10 min, n = 12 each). These data taken together suggest that the Met 27 females are more attractive to the males but when intact may show some subtle rejection behavior. The courtship indices (CI) for males courting Met 27 females and Met 27 females carrying the Met genomic rescue transgene EN71 were similar [0.43 ± 0.03 (n = 24) and 0.40 ± 0.03 (n = 35), respectively], indicating no rescue of this increased attractiveness. The reason for this lack of rescue is unknown. Because the rescued flies showed increased mating compared with the CS wild-type controls ( Fig. 2A) , the transgene apparently rescued the mutant behavioral rejection phenotype so that they mated when courted by the males.
A similar analysis of male courtship with the homozygous gce 2.5k null decapitated females showed that loss of function of gce increased female attractiveness at 18 h but had no significant effect at 48 h (Fig. 3C) . These findings suggest that Met is the primary mediator of female attractiveness by JH.
CHC Profile is Altered in the CAX Females. Previous studies have shown that the Drosophila CHCs are comprised primarily of long-chain alkanes, methyl alkanes, and the corresponding monoenes and dienes (14, 15) . In the Canton S strain of D. melanogaster, the Z7-C23 monoene (tricosene) is prominent in the male and thought to inhibit courtship by other males and to stimulate female mating (13, 15) . Two dienes [(Z,Z)-7,11-C27:2 and (Z,Z)-7,11-C29:2: the 7,11-dienes] are specific to the female and have been shown to stimulate courtship behavior by conspecific males (15) (16) (17) (18) . Also, the 7-and 9-C25 monoenes produced by the female may act as aphrodisiacs (17, 30) . To elucidate the basis of the reduced attractiveness of CAX females, we examined the CHC profiles of these females at various times after eclosion. Fig. 4A shows that in the CAX females, the C25 and C27 monoenes were significantly reduced at 48 h compared . Numbers of females tested for each genotype and time point were between 23 and 59 for A and between 20 and 30 for B. ; DTI and the Aug21-GAL4 > GFP parental controls, respectively, at 18 h and P = 0.026 and 0.025 for CAX versus the controls, respectively, at 48 h. Genotypes are same as in Fig. 1D. (B) Courtship indices of CS males paired with decapitated CAX females treated with 6.4 pmoles methoprene or acetone within 2 h after eclosion. P = 0.017 at 24 h, and P = 0.0037 at 48 h. Genotypes are same as in Fig. 1D. (C , respectively, and at 48 h, P < 0.0001 and 0.13 for CS versus Met 27 and gce 2.5k , respectively. Genotypes as in Fig. 2 A and B. For A-C, numbers below the columns represent the number of decapitated females tested, and the values represent the average courtship index of wild-type males ± SEM. Data were compared using ANOVA followed by the Tukey multiple comparison test.
with the parental controls, but by 96 h only the 7-C27 monoene remained low. The CAX females also had lower levels of the two female-specific dienes (7,11-C27 and 7,11-C29) at 48 h, with a corresponding increase in the amounts of the shorter 7,11-C23 and -C25 dienes (Fig. 4B) . At 96 h the 7,11-C23, -C25, and -C27 dienes all were higher in the CAX females than in the parental controls, whereas the 7,11-C29 diene remained lower (Fig. 4B) . The less abundant 9,13-C27 diene also was significantly higher at 96 h, but the 9,13-C29 diene was similar to the controls (Fig. 4 B and Inset). Thus, the loss of JH caused a significant reduction in both the monoenes and dienes thought to be important aphrodisiacs for the males.
When we applied 6.4 pmoles of the JHM methoprene to the CAX females at eclosion, only the C27 monoenes were significantly increased at 24 h in the treated females (Fig. 4C) . By 48 h, the 7,11-C27 and -C29 dienes had increased (Fig. 4D) and approached levels seen in the parental controls (Fig. 4B) . In contrast, the C23 and C25 dienes were significantly decreased in the JH-treated CAX females. These findings indicate that JH is important for normal timing of synthesis of select CHCs in females.
The CAX females also had decreased levels of the nC23, nC25, and nC27 alkanes and of 2MeC24 and 2MeC26 methyl alkanes at 24 h in comparison with parental controls (Fig. S3 A  and B) . By 96 h the nC27 alkane and 2MeC26 alkane were similar to the controls, whereas the shorter alkanes remained depressed, and the C24 methyl alkane increased. Methoprene application increased the level of the C27 alkane but had no significant effect on methyl alkane production ( Fig. S3 C and D) , indicating that JH regulates the synthesis of only certain alkanes.
JH Acts via Met and Gce to Regulate the Synthesis of Select CHCs in
Females. To determine the role of the two JH receptors, Met and Gce, in the synthesis of female CHCs, we examined the CHC profiles of both null mutant Met 27 and gce 2.5k females at 48 h, a time when the Met 27 females were more attractive than Canton S controls in the courtship assay. Loss of function of Met decreased the level of the C27 monoenes but had little effect on the levels of the 7-C23 and -C25 monenes compared with the CS controls (Fig. 5A) . By contrast, the levels of the 7,11-C23, -C25, and -C27 dienes were all significantly higher in the Met 27 females than in the Canton S females with only the 7,11-C29 diene reduced. The minor 9,13-C27 and -C29 dienes were also higher in the Met 27 null females (Fig. 5B ). In addition, the C21 and C22 alkanes and the 2MeC24 alkane were significantly increased (Fig.  S4) . Presumably, this new blend of aphrodisiac compounds and possibly the other CHC changes are responsible for the increased attractiveness of Met 27 females in the courtship assay at 48 h. In the gce 2.5k null mutant females, the 7-C23 and -C25 monoenes were both increased relative to the CS controls, but the 7-C27 monoene was not significantly different (Fig. 5A) . Although there was no difference between the CS control and the gce 2.5k mutant in the female-specific 7,11-C27 diene, the 7,11-C29 diene in the mutant was reduced similarly to reductions seen in both the Met 27 ( Fig. 5B ) and the CAX (Fig. 4B) females. Loss of function of gce had no significant effect on the amount of alkanes present (Fig. S4A) . Of the methyl alkanes, only the 2MeC26 was reduced in the gce 2.5k females (Fig. S4B) , similarly to its decrease in the CAX females at 48 h (Fig. S3B) . Importantly, these changes seen in the CHC blend in the absence of Gce apparently had little effect on their attractiveness to males as judged by the courtship assay ( Fig. 3 and Fig. S2F ).
Discussion
Here we have shown that JH plays a critical role in the normal timing of onset of female mating and sex pheromone production. Removal of JH through genetic ablation of the CA in the developing adult female delayed the onset of mating behaviors. This change was coupled to a decrease in male courtship, suggesting a decrease in female attractiveness. We found drastic changes in the CHC profiles in the CAX females. Some of these changes are likely due to the temperature shift regime (31) used for the genetic allatectomy. Treating CAX females with the JHM methoprene both advanced the onset of mating and increased the attractiveness of the females, apparently by increasing the production of C27 monoenes and dienes. Therefore, JH dynamically regulates the synthesis of specific CHCs, particularly the major female sex pheromones, the 7,11-C27 and 7,11-C29 dienes. These findings are consistent with previous studies showing induction of precocious mating by CA implants (6) and reduced mating in apterous mutants (10) and reduced female-specific pheromones in flies overexpressing DmP29 (19), both having reduced JH levels. Interestingly, the CAX females slowly became attractive so that by 96 h, time to onset of copulation was similar to controls. At this time the C27 monoene and the 7,11-C29 diene were still significantly reduced, whereas the C27 dienes were significantly increased (Fig. 4 A and B) , suggesting that there was a change in the CHC blend. The C27 dienes at 96 h may act alone or together with other CHCs in the pheromone blend to increase female attractiveness and decrease time to copulation in the CAX females.
How does JH regulate CHC synthesis? CHCs are synthesized from fatty acids via elongation, desaturation, reduction to aldehyde, and oxidative decarbonylation reactions in oenocytes in D. melanogaster (reviewed in refs. 14, 32, and 33). The developmental appearance of the CHCs in CAX females in this study clearly shows decreases in the long-chain n-alkanes (C23-C27), the C25 and C27 monoenes, and the C27 and C29 dienes with corresponding increases in the shorter-chain dienes. Similar changes in diene profiles coupled with an increased time to copulation was seen after reduction of Elongase-F in female oenocytes (34) . Reduction of Desaturase 1 in the oenocytes caused the loss of both monoenes and dienes with a large increase in the n-alkanes, whereas reduction of Desaturase-F caused a loss of the female-specific dienes with a doubling of monoenes and some increase in n-alkanes (35, 36) . Both manipulations significantly increased time to mating. Thus, JH apparently influences biosynthetic enzymes important in the synthesis of the long-chain alkanes as well as Elongase-F and the desaturases. These regulatory effects of JH on pheromone synthesis are similar to its effects on aggregation pheromone synthesis in bark beetles. In these beetles, JH III regulates the transcription of many of the genes encoding the pheromone biosynthetic enzymes, especially the genes encoding geranyldiphosphate synthase/myrcene synthase (GPPS/MS), CYP9T2, and an oxidoreductase (32) .
Application of 0.64 pmoles of the JHM methoprene just after eclosion rescued mating of the CAX females at 24 h after eclosion to the level of about 31% as seen in the parental controls, and a 10-fold higher dose caused about 58% to mate (Fig. S2A ). After treatment with the higher dose of methoprene, the 7-and 9-C27 monoenes significantly increased at 24 h (Fig. 4C) , but the two female-specific 7,11 dienes were not higher until 48 h (Fig. 4D) . The increased C27 monoenes which have been implicated as aphrodisiacs (17) possibly made the CAX females more attractive at 24 h. Whether there is also an effect of the exogenous JH on the maturation of the female nervous system so that she becomes receptive to male courtship earlier is not known and warrants further study.
At least three hormones (JH, ecdysone, and pheromone biosynthesis-activating neuropeptide) have been shown to regulate sex pheromone biosynthesis in different insects (32) . In this study, we have demonstrated that JH regulates sex pheromone 7,11-diene production in D. melanogaster females. Interestingly, in another dipteran, the house fly Musca domestica, the primary female sex pheromone is Z-9-tricosene (reviewed in ref. 32) . Females ovariectomized immediately after eclosion do not synthesize this compound, but synthesis is restored by either ovarian implants or multiple injections of 20-hydroxyecdysone. These two families of flies are evolutionarily distant, but the basis for this difference in hormonal regulation is unknown.
The duplication of the JH receptor Gce occurred in the higher Diptera (37) , and the two have partially redundant functions in the larval fat body of D. melanogaster and at metamorphosis (25) . Met plays a distinct role in adult optic lobe development during metamorphosis, whereas Gce has no effect (24, 38) . Met is also the predominant receptor required for the effects of JH on ovarian maturation, both the normal timing and normal fecundity (25) . Our behavioral analysis of female mating and attractiveness of Met and gce mutants indicates that JH is also acting primarily via Met in its regulation of mating and pheromone production. Surprisingly, in courtship assays using CS males, Met 27 females lacking Met were more attractive than the wildtype CS females, whereas the CAX females were less attractive, likely due to increased C27 dienes in Met 27 females and decreased 7,11-C27 and -C29 dienes in the CAX females. These findings suggest that JH acts mainly via Met in mating and pheromone synthesis similarly to the roles of Met and Gce in ovarian maturation where lack of Met delays maturation and reduces fecundity, whereas lack of Gce has relatively little effect (25) .
In this study, we demonstrated that JH acting through its receptor Met plays important roles in the initiation of sex pheromone production and the maturation of female mating behavior in D. melanogaster. Further investigation into these two aspects of JH action-in the peripheral tissues involved in sex pheromone production and in the neuronal circuitry underlying the mating behavior-is necessary to elucidate the details of its critical roles in modulation of the onset of mating. An understanding at the molecular level of this coordination in this Drosophila model should shed insights into how hormones regulate pheromone production and reproductive behavior in the vertebrates.
Experimental Procedures
Fly Lines and Husbandry. Fly lines were grown on standard cornmeal molasses food in temperature-controlled incubators under constant light (LL) and 50% . CHC of Met 27 and gce 2.5k homozygous females and CS females (genotypes as in Fig. 2 ) were isolated at 48 h after eclosion and analyzed as in relative humidity (RH) unless otherwise stated. Aug21-GAL4 UAS-EGFP (Aug21-GAL4 >GFP) (24), UAS-DTI (39), tubP-GAL80 ts #20 (GAL80 ). Wild-type Canton S (CS) flies were descendants of the Jeff Hall Canton S line.
Genetic Ablation of CA in Developing Females and JH Application. Parental lines, w; GAL80 ts ; UAS-DTI and w; Aug21-Gal4 > egfp/CyO, were crossed to each other or w and kept at 18°C in 12 h light: 12 h dark (12L:12D), then puparia were collected every 12 h. Sixty hours later, pupae were transferred to 29°C in constant light (LL) to allow diphtheria toxin expression. Virgin females were collected within a 2-h window using CO 2 and kept in groups of 12 in a food vial at 25°C, LL until assayed. For JHM application, methoprene (Wellmark) was serially diluted in acetone (Fisher Scientific, HPLC grade), and 0.2 μL was applied to a female within 2 h of eclosion. For details and for imaging of the CA, see SI Experimental Procedures.
Behavior Assays and Analysis of Mating and Courtship Behaviors. For the single pair-mating assay, a 3-to 4-d-old CS male and a virgin female (both previously housed separately in groups of 12) were placed into separate halves of the acrylic mating chamber (16 mm diameter, 11.5 mm deep) divided by a removable metal barrier. After 1 h the metal plate was removed and behavior was video-recorded with a Sony MiniDV Camcorder for 1 h at 25°C as described previously (41) . The percent mating and time to copulation of females were determined from the recording.
For the courtship assay, CO 2 -anesthesized females were decapitated as described previously (29) 1 h before the assay and housed for 20-30 min in a vial with a moist Kimwipe. Each decapitated female was then placed in the mating chamber described above with a single 3-to 4-d-old CS male. Behavior was video-recorded as above for 10 min. Each video was annotated for male courtship behaviors including orientation, chasing, wing extension, attempted copulation, or copulation using LifesongX. The amount of time the male spent performing these courtship behaviors was summed to calculate the courtship index, the fraction of time a male courts a female during the 10-min observation period.
All of the behavior assays were done in the afternoon between 13:00 and 18:00 under fluorescent lighting at 25°C and 50% RH.
Cuticular Hydrocarbon Extraction and Analysis. For CHC extracts, 3 females were taken from a group of 12 in a food vial and washed with 50 μL hexane containing the C18 and C26 internal standards as described (42) . Three replicate vials were set up for each time point and each genotype. The extracts were run using GC-FID (Varian CP3800) and quantified as described (42) .
Statistical Analysis for Behaviors and CHCs. For details, see SI Experimental Procedures.
